Somatic mutation profiling in gastric cancer (GC) enables main driver mutations to be identified and their clinical and prognostic value to be evaluated. We investigated 77 tumour samples of GC by next-generation sequencing (NGS) with the Ion AmpliSeq Hotspot Panel v2 and a custom panel covering six hereditary gastric cancer predisposition genes (BMPR1A, SMAD4, CDH1, TP53, STK11 and PTEN) . Overall, 47 somatic mutations in 14 genes were detected; 22 of these mutations were novel. Mutations were detected most frequently in the CDH1 (13/47) and TP53 (12/47) genes. As expected, somatic CDH1 mutations were positively correlated with distant metastases (p = 0.019) and tumours with signet ring cells (p = 0.043). These findings confirm the association of the CDH1 mutations with diffuse GC type. TP53 mutations were found to be significantly associated with a decrease in overall survival in patients with Lauren diffuse-type tumours (p = 0.0085), T3-T4 tumours (p = 0.037), and stage III-IV tumours (p = 0.013). Our results confirm that the detection of mutations in the main driver genes may have a significant prognostic value for GC patients and provide an independent GC-related set of clinical and molecular genetic data.
that GC could be divided into four molecular subtypes with different mechanisms of pathogenesis. These subtypes are not completely consistent with the standard morphological classification and the Lauren classification 3, 4 .
As whole-genome research methods are difficult to introduce into clinical practice, it is necessary to provide a reduced set of the most informative diagnostic and prognostic clinical markers. Furthermore, validation of the molecular subtypes of GC in large patient groups with different ethnic and racial backgrounds is clearly required. At present, it is already clear that there can be no universal classification for GC, and national genetic and epigenetic features should be considered.
A number of genes have been identified as driver genes in gastric cancer. However, the association between somatic mutations and clinical features has not been thoroughly elucidated to date. It is therefore important to profile the somatic mutation patterns of driver genes and potential driver genes in gastric cancer. Research investigating the somatic mutation profiles of cancer-related genes reveals the main driver mutations that determine the clinical behaviour of a tumour, its aggressiveness, invasion and metastasis, and the direction of targeted antitumour therapy. It was determined that GC is not enriched with known driver mutations. Therefore, the targeted drugs that are useful in the treatment of other tumours are not effective in GC therapy, and despite the development of novel drugs for GC, trastuzumab and ramucirumab (targeting HER2 and VEGFR2, respectively) are the only targeted therapies approved to date 5 .
Germline mutations in some driver genes determine predisposition to the development of hereditary gastric cancer. Mutations in CDH1 are responsible for the development of early hereditary diffuse GC, as are mutations in TP53 (Li-Fraumeni syndrome), STK11 (Peutz-Jeghers syndrome), SMAD4 or BMPR1A (gastrointestinal polyposis) and PTEN (Cowden syndrome) 6 . Thus, it is advisable to combine the BMPR1A, SMAD4, CDH1, TP53, STK11 and PTEN genes into a targeted sequencing panel that will provide significant information on the mutational profile of gastric tumours in both hereditary and sporadic cancer, which can be associated with the clinical and pathomorphological features of the disease. Screening for mutations in these genes might be important to determine germline mutations in patients with both early manifestation and/or family history, as well as for somatic profiling of sporadic GC.
Research examining the main driver mutations in the tumour is critical for accurate personalized medicine. A specific profile of somatic mutations and their combinations may indicate more aggressive behaviour, invasion and metastasis and may represent a diagnostic or prognostic marker.
To investigate the GC mutation profile and determine its prognostic value, we conducted a study of 77 GC tumour samples using next-generation sequencing (NGS) on both the Ion AmpliSeq Cancer Hotspot Panel v2, covering mutation hotspots in 50 cancer-related genes, and a custom panel covering six hereditary gastric cancer predisposition genes (BMPR1A, SMAD4, CDH1, TP53, STK11 and PTEN).
Results
Spectrum of identified somatic mutations. NGS analysis of tumour samples from 77 gastric cancer patients revealed 47 somatic mutations in 14 of the 51 genes initially selected for this study, either because the genes harboured the oncogenic mutational "hot spots" or because they were associated with the development of hereditary GC. In this paper, we report as mutations only the genetic variants that are either notably rare or absent in populations (assessed with gnomAD) or have previously been classified as pathogenic/likely pathogenic in other studies. Genetic variants with MAF > 0.0001 were excluded from the analysis. For genetic variants not previously reported in human mutation databases, we performed in silico pathogenicity estimation (see below).
DNA sequencing with our hereditary GC panel revealed a total of 36 mutations (Table 1) , with the most frequently mutated genes being CDH1 (13/36) and TP53 (12/36), and the other genes being distributed as follows: SMAD4 (6/36), STK11 (3/36), PTEN (1/36), and BMPR1A (1/36). One of the TP53 gene mutations, NM_000546.5:c.743 G > A:p. R248Q, was detected in two cases, which is in line with TCGA data, where this mutation is also recurrent.
CDH1 mutations were found in 11 patients. Although none of the CDH1 mutations was recurrent in our study, some were found in the same codons and had similar in silico pathogenicity predictions. These mutations include c.641 T > C and c.641 T > A, which cause leucine 214 substitution to proline and glutamine, respectively, and are both predicted to alter protein function, or c.1199 A > T and c.1198 G > A, which change aspartic acid 400 to valine and asparagine, respectively, and apparently lead to loss of protein function and alterations in posttranslational modifications.
Upon sequencing with the CHPv2 panel, 11 mutations in 8 genes were detected: PIK3CA (2/11), RB1 (3/11), and one mutation each in CDKN2A, SMO, KRAS, EGFR, KIT, and KDR. The results are presented in Table 2 . clinical relevance of gastric cancer somatic mutational status. In the tumour samples of 32/77 (42%) patients, we identified at least one somatic mutation, whereas no mutations that met the selection criteria were found in the remaining 45/77 (58%) patients ( Fig. 1 ). We found no associations of overall tumour somatic mutational status (absence of mutations in the genes under study vs presence of at least one mutation) with patients' age, gender, 5-year overall survival, lymph node metastases and distant metastases or such tumour characteristics as size, stage, Lauren type and presence of signet ring cells ( Table 3) .
We further investigated the clinical significance of somatic mutations in the CDH1 and TP53 genes in patients with GC. The results are presented in Table 3 . We found no significant differences in the groups with CDH1 and TP53 mutations regarding gender, age, tumour localization, lymph node metastasis, distant metastasis, stage, and Lauren type. As expected, somatic CDH1 mutations were positively correlated with distant metastases (p = 0.019). CDH1 mutations were also observed significantly more frequently in tumours with signet ring cells (p = 0.043).
To investigate the prognostic value of the detected mutations, we conducted a study of the overall survival (OS) of GC patients within the 5-year interval after surgery. OS associations with tumour mutational status were studied in groups with or without lymph node metastasis, distant metastasis, different tumour stages (I-II vs III-IV), Lauren classification as diffuse or intestinal, gender and age. Regarding the overall tumour somatic mutational status, we detected no difference in OS of patients carrying at least one mutation in the genes under study vs those with no mutations in the same genes (Fig. 2) . OS assessed on the whole CG patient cohort under study was also independent of somatic mutation to either the CDH1 gene or the TP53 gene, which is in line with TCGA Provisional data estimated by cBioPortal.
We further analysed OS in different clinical groups with respect to the presence of TP53 and CDH1 mutations in tumours. OS appeared to be significantly decreased in the groups of patients with tumours harbouring TP53 www.nature.com/scientificreports www.nature.com/scientificreports/ mutations with diffuse Lauren type (p < 0.0085; Fig. 3a) , with T3-T4 tumours (p = 0.037; Fig. 4b ), and with stage III-IV tumours (p = 0.013; Fig. 5b ). evaluation of pathogenicity for genetic variants not annotated in human mutation databases. The pathogenicity of 25 missense genetic variants that were either identified in our study for the first time, had been previously reported in populations but lacked annotations in the human mutation databases, or were ambiguously annotated in terms of clinical significance (conflicting interpretations were presented regarding pathogenicity or uncertain significance), was assessed using the prediction programs PolyPhen2, PROVEAN, SNPs&GO and MutPred2, I-Mutant 3.0 and MutPred-LOF. The results are presented in Supplementary Tables 1  and 2 .
According to the PolyPhen2 HumDiv, 6 substitutions are benign; among these substitutions, only one is in CDH1, and one is in TP53, while others may be damaging. PolyPhen2-HumVar classified 10 substitutions as benign, but it should be borne in mind that this program is better in predicting pathogenicity for Mendelian disorders. PROVEAN indicates that 16 substitutions are deleterious, and 9 of them are neutral. SNPs&GO indicates that 22/25 substitutions are pathogenic with a different reliability index.
MutPred2 and MutPred-LOF software predict how single-nucleotide substitutions can affect the molecular mechanisms in a cell. In our set of somatic genetic variants obtained from gastric tumours, MutPred2 Table 2 ). The I-Mutant 3.0 tool predicts a decrease in protein stability for 23/25 mutant variants, whereas for two mutations (CDH1:c.A1199T:p.4. D400V and TP53:c.517 G > T:p. V173L), the stability of a mutant protein molecule was predicted to be increased.
The results of this study indicate that the assessed substitutions may be considered to be pathogenic based on the estimates provided by the bioinformatic tools generally used to predict the effects of genetic variants.
Discussion
In our cohort of gastric tumours, somatic mutations were most frequently observed in the CDH1 and TP53 genes. Mutations in these genes were previously described as the most frequent in other studies, although the reported percentages vary between cohorts 7, 8 . Discrepancies in the reported frequencies of the mutations detected in these genes may be explained by different approaches to attribution of a genetic variant to the list of deleterious mutations, as well as by ethnic characteristics of the patients. It was demonstrated that the frequencies of somatic mutations of certain genes (e.g., APC, ARID1A, KMT2A, PIK3CA and PTEN) differ between Caucasian and Asian GC patients 9 . According to TCGA data, CDH1 mutations were identified in 11% of all GCs, and ТР53 mutations were determined in 50% of non-hypermutated GCs and in 71% of chromosomally unstable (CIN) samples 10 .
In our study, we used two NGS panels to screen for somatic mutations in GS samples. One panel is the Ion AmpliSeq Cancer Hotspot Panel v2, which has been previously used for GC genotyping in a clinical cancer www.nature.com/scientificreports www.nature.com/scientificreports/ research 11 . Using this panel, we identified 11 mutations in 8 of the 50 genes studied in our 77 GC samples. Additionally, 36 mutations were identified using a Hereditary Gastric Cancer Panel (HGC), designed by our group, with full coverage of the coding regions of the TP53, CDH1, PTEN, BMPR1A, SMAD4 and STK11 genes associated with the development of hereditary GC. All identified mutations were located in the driver genes for GC. The application of our oligogene NGS panel for mutational profiling of GC may enable identification of hereditary cases in clinical practice. Furthermore, detection of CDH1 and TP53 mutations can serve as a surrogate marker to distinguish the chromosomally unstable GC, which is enriched for TP53 mutations, from the genomically stable subtype, which is enriched for CDH1 mutations 3 . In addition, this test may assist in distinguishing MSS-TP53+ and MSS-TP53−, as well as MSS-ETM, enriched for CDH1 mutations, when used for ACRG (Asian Cancer Research Group) GC type detection 4 .
The pivotal role played by CDH1 mutations in the development of GC is undoubted 12 . In our study, somatic CDH1 mutations were positively correlated with distant metastases (p = 0.019). CDH1 mutations were also significantly more frequent in tumours with signet ring cells (p = 0.043). However, we have identified no independent prognostic value of somatic CDH1 mutations, which is in line with TCGA Provisional data estimated by cBioPortal.
Inactivation of CDH1 during GC development occurs in the tumour because of genetic and epigenetic changes. Loss of CDH1 expression appears after inactivation of both copies, where one allele can be mutant, and the second allele is inactivated by promotor methylation in approximately 50% of cases. We have previously demonstrated that CDH1 promoter methylation is associated with the diffuse Lauren type and locally advanced GC 13 . Other studies have shown the prognostic relevance of CDH1 mutations in diffuse GC, where the presence of somatic mutations in this gene was associated with a decrease in patient survival, regardless of the stage of the disease 14 .
In our cohort, a group of 35 patients had early manifestation of GC, age of disease onset ranging from 26 to 49 years, and no family cancer history. We assumed that this group of patients might harbour a certain mutation spectrum or enrichment with germline mutations in the genes associated with the development of hereditary GC. However, we found no significant differences in the somatic mutation profile and no enrichment with germline mutations for this group. Cho et al. found a significant increase in the frequency of somatic mutations of CDH1 and TGFBR1 in patients from Korea with early manifestations of GC before 45 years (P < 0.001 for CDH1 and P = 0.014 for TGFBR1) 15 . We assessed data for patients with manifestations of GC before 45 years in our cohort and found no significant increase in the frequency of CDH1 somatic mutations in this group.
Currently, patients with early manifestations of GC (before 45-50 years) are classified into an independent cancer group of early-onset GC (EOGC) with specific clinical and molecular characteristics. This group features prevalence among women, multifocal growth and diffuse phenotype of the tumour without intestinal metaplasia. A molecular profile of the tumour is characterized by the absence or low level of microsatellite instability (MSI), rare loss of heterozygosity (LOH), retained expression of RUNX3, amplifications of 17q, 19q and 20q, and high expression of low-molecular-weight cyclin E isoforms 16 . The reported prognosis for this group varies from better to poorer survival depending on the study 17, 18 . Our study did not reveal a statistically significant difference in OS for patients with early GC onset, but we detected a decrease in the survival rate of patients in this group in the presence of somatic TP53 mutations.
Although TP53 mutations in GC have long been studied, the clinical relevance of these mutations for the prognosis of the disease and treatment of patients has not been fully determined. A large number of studies have presented diametrically opposite results, which may be explained by the specific characteristics of patient cohorts, including the ethnicity of the studied groups. At present, the frequency of mutant alleles of this gene is used to stratify patients into molecular subtypes, to predict the course of the disease and to control the response to chemotherapy. It was demonstrated that the mutant allele frequency (AF) decreases during chemotherapy in GC patients 19 .
Discrepancies in the estimations of the clinical significance of the somatic mutations presented by different research teams may not only be caused by ethnic factors but also by differences in the criteria used to attribute a genetic variant to a class of pathogenic or possibly pathogenic mutations. Standards and guidelines for the interpretation of sequence variants widely used in medical genetics, such as those provided by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology 20 , cannot be directly extrapolated to cancer somatic variants. In silico predictors of pathogenicity for missense variants are 65-80% accurate when examining known disease variants, and some are intended for analysis of Mendelian disorders 20 . In our study, we adopted the extremely low general population frequency of a genetic variant as a key criterion of its inclusion in the downstream analysis of the clinical significance of somatic mutations in a cohort of GC patients. More specifically, genetic variants with MAF > 0.0001 were excluded from analysis, which means that the remaining alternative alleles were either never found in gnomAD or were observed extremely rarely. At present, this criterion may be considered rather stable; with at least 60,000 human exomes annotated 21 , we are not expecting dramatic fluctuations in allele frequencies in the human population in the foreseeable future. www.nature.com/scientificreports www.nature.com/scientificreports/ Mutation screening by NGS. Five to seven 10-μm paraffin sections were manually dissected to ensure that each tumour sample contained at least 70% of neoplastic cells. Genomic DNA was isolated from archived samples using a QIAamp DNA FFPE Tissue kit, as recommended by QIAGEN (Germany).
Materials and Methods
Deep sequencing was performed using the Ion Torrent platform (Life Technologies) following established protocol 22 . The protocol includes the preparation of libraries of genomic DNA fragments, clonal emulsion PCR, sequencing and bioinformatic analysis of results. DNA fragment libraries were prepared using Ion Ampliseq ultra-multiplex PCR technology.
A commercially available oligonucleotide panel Ion AmpliSeq Cancer Hotspot Panel v2 (Life Technologies) was used as a set of multiplex primers. The panel consists of 207 primer pairs for simultaneous amplification of mutation hotspots in 50 cancer-related genes (in alphabetical order): ABL1, AKT1, ALK, APC, ATM, BRAF, CDH1, CDKN2A, CSF1R, CTNNB1, EGFR, ERBB2, ERBB4, EZH2, FBXW7, FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAS, GNAQ, HNF1A, HRAS, JAK2, JAK3, IDH1, IDH2, KDR/VEGFR2, KIT, KRAS, MET, MLH1, MPL, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN, PTPN11, RB1, RET, SMAD4, SMARCB1, SMO, SRC, STK11, TP53, and VHL 23 .
Additionally, we utilized our original, customized panel, comprised of six hereditary GC-related genes (HGC panel). An HGC panel with 218 primer pairs was designed to amplify all coding regions, noncoding regions of the terminal exons, and putative splice site gene regions for six human genes: BMPR1A, SMAD4, CDH1, TP53, STK11, and PTEN. The panel was designed using the Ion Ampliseq Designer v.3.6, which minimizes the number of oligonucleotide pair pools that are necessary to completely cover the target genomic sequences. The total length of human genome sequences covered by the HGC panel is 42,320 bp.
Multiplex PCR and subsequent stages of the fragment library preparation were undertaken using an Ion AmpliSeq Library Kit 2.0 (Life Technologies) according to the manufacturer's protocol. Aliquots from the prepared libraries were subjected to clonal amplification on microspheres in the emulsion on the Ion OneTouch instruments using the Ion OneTouch 200 Template Kit v2 DL (Life Technologies). Effective products of the emulsion PCR, the microspheres coated with the target amplicons, were purified from empty microspheres on the Ion OneTouch Enrichment System. Sequencing was performed on the Ion Torrent PGM genomic sequencer using an Ion PGM 200 Sequencing Kit (Life Technologies). The results were analysed with Torrent Suite software consisting of Base Caller (the primary analysis of the sequencing results); Torrent Mapping Alignment Program -TMAP (alignment of the sequences to the reference genome GRCh37/hg19); and Torrent Variant Caller (analysis of variations in nucleotide sequences). Genetic variants were annotated with ANNOVAR software 24 . Visual data analysis, manual filtering of sequencing artefacts and sequence alignment were performed using the Integrative Genomics Viewer (IGV) 25 .
To investigate the hereditary cancer syndrome genes involved in Li-Fraumeni syndrome, Peutz-Jeghers syndrome, Cowden syndrome, hereditary GC and hereditary gastrointestinal polyposis, we designed a panel consisting of 218 primer pairs for PCR amplification of all coding sequences of the human genes BMPR1A, SMAD4, CDH1, TP53, STK11 and PTEN, as well as exon flanks and terminal untranslated regions (UTRs). A primer panel was designed with Ion Ampliseq Designer v.3.6 software. The total length of human genome sequences covered by this panel is 42320 bp. 
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